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ABSTRACT

I 4

Spectra.of positive pions with energies of 15-95 MeV were

measured for high energy proton, 4He, 20Ne, and 40

27Al,'4OCa, l07’109Ag, 197Au;_ and 238U. A Si-Ge

Ar bombardments
of targets of
telescope was used to identify charged pions by dE/dx-~E and,

in addition, stopped w+bwere tagged by the subsequent muon decay.
In all, results for fourteen target-projectile combinations are-
presented to study the dependence of pion emission patterns on
the bombarding energy (from 250 MeV/u to 2.1 GeV/u) and on the
target and the projectile masses. In addition, associated
charged-particle multiplicities were measured in an 80-paddle
array of plastic scintillators, and used to make impact parameter

selections on the pion-inclusive data.

20

NUCLEAR REACTIONS: u(?%Ne,), E/A = 250 Mev/u; u(*%ar,rt),

Ca(40Ar,n+), U(ZONe,ﬂ+), Au(zoNe,n+), Ag(zoNe,w+), Al(zoNe,ﬂ+),
+) :

U(4He,ﬂ+), U(p,ﬂ+), E/A = 1.05 GeV/u; U(zoNe,n+), E/A = 2.1 GeV/u;

utae, "), al(*ge,nt). E/A = 400 Mev/u; ca(*%r,n"), u(*ONe,n

measured ¢ (E,0), inclusive and selected on associated charged-

particle multiplicity.

~PACS Index: 25.70.Bc, 25.40.Rb
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I. INTRODUCTION

B I I I I VIR VR U e

Pion pfoduction.cross'seCtions for.p+p>collisions-have
provided some of the basic data in the study of pion physics,
and further,understanding has been gained with prbton-and neutron-
induded pion productibn on,héavier nuélei.- Also for héavy ion
collisions at relativistic or néar-relativistic energies, there
is a basic interest in pion thsics; particulariy with respect
to interaétions in excited nuclear matter. Invadditioh, it is
believed that pion emission patterns can bé used in the study
of héavy ion reéction mechanisms. Whether viewed as proceeding

1,2

by a series of independent nucleon-nucleon collisions, or at

the other extreme, as a thermal process_,3’4’5 pion production in
heavy ion collisions occurs in the most violent stage of the
reaction in a geometrical overlap or "participant" region.

Because of the relatively largé amount of energy needed to

. produce a pion, as compared to the energy necessary to liberate

a nﬁcleon from a nucleus, the pion source should be well-localized
at bombarding energies used in the present study, 0.25-2.1 GeV/u.
Subsequent processes such as absorption and Coulomb deflection

can modify the pion emission patterns, depending upon the impact
parameter of the heavy ion collision and the time of pion émission,
along with'othervpropertiés of the reaction. - Only_n+ were mea-’
sured in the éxperiments reportea'here, but it iS'apparenf that

a much more definitive study of reaction mechanisms would be
poséible if measurements were made for all three,éharge states

of the pion.



In’the preseﬁt experiments6'7'performed at the LBL Bevalac,
‘a systematic study of n+ production was made with fourteen com-

binations ofvtargéts, projectiles and bombarding energies. The.

projectile systematics were studied principally withﬂp,,4He, 2QNe

40 238

‘and Ar at 1.05 GeV/u on a U target,:and the target dependende

20 27

. was inveétigated-mainly‘with 400 MeV/u “°Ne on targets of “’aAl,

Ag, 1974 and 238y, For the pion production as- a function

238y reaction was used'at 0.25,

40

of bombarding energy, the 20Nev+

0f4?ll'05 and 2.1 GeV/u, and results from thef40Ar + Ca reaction -

were compared at 0.4 and 1.05 GeV/u. A further comparison is
made with proton-nucleus data from other studies. ‘The use of -

thin targets allowed good angular resolution, an important con-

sideration for pions in the energy range of 15-95 MeV aS'measured '

here with a large Si-Ge telescope. Data were taken from 30° to
150°, usually:in 20° éteps; Particular attention'was given to
ﬁhe accuracy of the absolute cross séctions. Adding to theiex-
tensive nature of the'study reported here, associated chargéd-
particle multiplicity determinations were made. Multiplicity
selections were performed on some of the =@ data (when the
statisticél accuracy ;llowed) in an attempt. to set impacﬁ_péra-_
meter restfictions (e.g., grazing or central colliéions). rEheréy,
spectra of the w+ are presented as laboratory.double dif;erential
cross sections in 10 MeV bins, and as contours of Lorentz in-
variant cross sections as a=fun¢tion of perpendicular momentum
and rapidity. ~This type of contour map or "rapidiﬁy plot" is
often useful in loqating-sources of emi;sion. Results are com-

péred to a thermal model and to cascade calculations. . Finally,

s

[
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simple multi-center Coulomb trajectory calculations were performed

in an attempt to isolate Coulomb effects and to extract infor-

~mation on-the reaction mechanisms. Although not as extensive as

.one might prefer, the comparison of the calculations with the

data suggests that Coulomb effects may have been over—emphasized
in several calculations performed pervi¢usly, and many of the

. .+ o _ .
features-seen in the v -emission patterns demand other explanations.

ITI. EXPERIMENTAL TECHNIQUES

L . T T I I I R

Pion data were collected simultaneously with the apparatus
used for detection of protdns, deuterons and tritons which is
described elsewhere7 in detail. Briefly, pioﬁ energies.were mea-
sured and particle -identification was made with a multi-element
teiescope cohsiéting of a 5 mm Si(Li) deté¢tor, followed by two
intrinsic gerﬁanium crystals with thickneéses of 27 mﬁ and 43 mm.
all of these detéctors were nominally fully depleted. A 1 mm
Si(Li) countef behind the detector stack served as a veto for
punch-through particles, chiefly pions above 100 MeV and protons

above 200 MeV. The solid angle of the telescope used for all

pion cross section calculations was 0.88 msr in agreement with

later determinations of the solid angle with a-sources which

yielded a value of 0.85 msr + 4%. Pion energies were corrected

for target thickness (109-200 mg/cmz), for the cryostat window,

'and for a 150 uym Si detector which acted as a AE.éounter for the

heavier particles, but only as an absorber for the pion data. A



value of 4;2 MevV wés subtracted from apparent n+‘eﬁergiés to
account for the muoﬁ energy from the 7@ - u¥ + v decay. A
useful pion energy range of 15—95 MeV was attained, with the
lower limit set by the requiremeﬁt 6f traversal of the 5 mm
Si(Li) detector into the intrinsic Ge, and deposition of several
MeV. Approximately 3 MeV on either end of the pion spectrum was
not’usea té avoid efficiency losses.due7to‘positron_escape as
discussed later. Pion energy bins were chosen such that small‘
discontinuities in spectra that occur due to dead layers of the
germanium detectors would average out, which allowed energy bins
of 10 MeV'Width.centere&_from 20 to 90 Mev.

The telescope wa§‘operated in a cryostat situated in an
evacuatedlspherical scatﬁefiﬁg chamber of 1 meter diéméﬁer. A
charged—particle multiplicity array consisting of 80 plastic
scintillators (6.4 mmvthickness) coupled to photomultiplier
tﬁbes was_situatea just outside of the scattering chamber.' This-
array, which was triggered'byithe telescope, registered charged
particles which penetrated the 3 mm aluminum chémber wall, corre-
sponding to enérgies greater than 10 MeV for n" and 25 MeV for
protbns. The array was inefficient for neutron detéétion because
of.the use of thin plastic scintillators. .Only 76 of the paddles
were used in the pion-associated mu;tiplicity analysis, with four
paddles situated at backward angles being omitted. Approximately
66% of.the hemisphere_forward of the target was ¢overed by‘the
array situated at polar angles of 9° to 80°.

Thé fdu:teen target-projectile'combinations studied hére_
are listed in Table 1, along with the'nominal and actual:beam

energies entering the targets,; corrected for material in the beam line.
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A. Pioh Identification in the Telescope _

Charged pions in the telescope were distinguished by dE/d&X
from_other charged particles, ei, K+,-p,d,-t,-etc° presént in the B
reaction’products,“hut no attempt was made to separate_ﬂ+ from
ut. In the actual énalysis of the event-hy-event daﬁa, each pair
of detehtofS'in the stéck was used; in order, in the aéproPriate *
energy range as a AE-E telescope, with the next detectqr.in the
stack serving as a reject counter. With this procedure, charged
pioné were adequately resolved from other products, except at the
moSt‘forward ahgles (20°, 30°) or at low bombarding energies (250n
MeV/u) whére the proton to pion ratio is iarge, 3103. Pile-up
effects and nuclear reactions occurring in the detectors caused
this limitation through a continuous background of events in the
AE-E space. With dE/dX techniques alone, both ot and T are
included, even though the stopped pions of the two charged states
interact very differently with the sﬁrroundingimatter{v Negative
pions capture in Ge nuélei,fforming stars, and sometimes the
kihetic energy information of the 7  is destroyed. From the
study of * spectra ih this work and from direct measurements of
the intéraction of 7 and T  beams in plastic scintillators,® it
was estimated that the products of T capture are extremeiyh
disruptive only about 15% of the time in the Ge crystals- here.
This is'probably due to the mechanism of pipn absorption, prin-
cipally on two oi a few nucleOn's9 which are then ejected from |

the nucleus and escape from the detector with high energies.

These secondary nucleons deposit only a small amount of'energy
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in the deteétor, still within the idehtification windows. Of

- course this feature isldependent upon the detector geometfy.
Unaﬁbiguous n+~identificatipn was made by following the

subsequent muon decay in the Ge crystals through the decay

‘Sequence

+ 26 ns 4
T e——— oy o+
2.2 us
+ -
e T e $+ vy + v .

The e+ was detecﬁed'in delayed coincidence with the n+ signal;
resﬁlting in a decay curve with a characteristic 2.2lus-mgan_b
lifetime, . An example of a_gime spectrum from a time—to—amplitude
converter is shown in Figure 1. The number of charnice evénts
became significant at forward angles and at relatively high beam
intensity. The magnitude was determined by fit#ing the decay
curve with a two-component function, corresponding ﬁo T = 2.2 us

and a random background (t==). This procedure was found to have

a very small uncertainty and proved to be more reliable than the

‘use of the more common method which employs the time region 1 usec -

ahead of the position of the prompt peak. The latter time region
was subjedt to contributions from overshoot of very large prompt
pulses (from p,d,t, etc.), which contaminated the time spectra
* 1 us from t = 0 and which therefore was not random.

For the.same reason, nt data were used only for times greater

than 1 us. It was confirmed that chance-subtracted xt energy



spectra also proved to be  independent of time in thevregidn'used,

corresponding to t > 1 us. The loss of the time interval 0-1 usec

_caused.a large nt efficiency loss and precluded any- hope of ob-
'taining.accurate n~ information by subtracting the n7 data..
Figure 1(b) shows an energy spectrum for delayed'e+ in the Ge

'crystals; The spectrum is degraded because of the relatively

small volume of the detector, combared to the amount vamaterial‘
that would be necessary to stop the e+, which are emitted with
energiesvup to Emax = 53 MeV and with a spectral shape

2

BP(W) = 2 W (3-2W), W=E/E_ .

- The above spectral shape indicates that the probability of -

emission‘ofve+ with an energy lower than the 1 MeV level of the

constant fraction discriminator used here is extremely. low.

B. Pion Efficiency Function
The shape and magnitude of the i spectra must be corrected

for efficiency losses as follows:

1) For 77 stopped in the Ge crystals, the loss of et taé
signals may occur becaﬁse of insufficient enérgy.deposition
when muon decay occurs in the surface region of the Ge
crystals. A loss of 3% was calculated from the dE/dX of
e” in Ge,'fhé known spectral shape of e+, and assuming a

uniform distribution: of W+_in.thé Ge crystals.

7
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3).

4)
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1

‘ The'decay'in flight of n before reaching the telescope

is a negligibly small correctlon because of the short
flight path (25 cm) from the target. Also since u are
included with ﬂ+ in the spectra, approx1mately as many u
are deflected into the telescope as are deflected out, with
negligible smoothing of the angular dlstribution., The un=-
importance of this correction is an advantage of the range=

energy method of pion detection over magnetic analy51s.

Th'e'Tr_+ cross section was_corrected for a 45% efficiency
loss-incurred'hy using only 1-6 usec of the decay curve.
The uncertainty inethisvcorrection is negligible because
time spectra were_accurately calibrated, From these
three~corrections, the ﬂ+ efficiency 1s 53 and is nearly

independent of pion energy

The correction that introduced the largest uncertainty -
in the data, especially atAthe highest pion energies,

was for scattering-out of pions due to collision with
atomic electrons during the stopping process; That is;

nt were'deflected out 0of the edges of the'telescope,vde—
positing only part of their energy, and losing the delayed
e+ tag event. The efficiency, defined .as the fraction of
surviving ﬂ+, shown in Fig. 2 as curye A, was calculated

with the Monte Carlo code Anglelo as described in reference

7. An experimental check of the validity of this calculation,

together with the reaction loss correction is described

later.

(s
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5)v The loss of nt through nuclear readtions in thevdetector
was calculated by dividing the Ge-crystais into ten>
sliées,.with Ni atoms/,cm2 each; and by using ;ange
energy tables to.calculaﬁe the nt eﬁergy in each slice

so that the detection efficiency, ¢ is giﬁen by

e = exp (- N, oR(E.)).
' i

Figure 2 shows the result of this calculatién as curve B
which gives a loss of efficiency of up to 27% at 95 Mev, the
highest ﬂ+.energy used. Values of the at reaction cross
sections as a function of energy, oR(Ei) Wére taken frpm a
number of sources, including optical model calculations%l and
| | 12

measured absorption and inelastic scattering cross sections.

The best estimate for o, is believed to have been made by

R

using expefimental absorption cross sections.oA, (which for
Ge range‘from 350 mb at 20 MéV to 640 mb at 100 MeV), and
adding the large-angle part of the quasi-elastig and the
charge exchange cross sections (which rahged from 15% of
A &t 100 MeV), as calculated

11

or from optical model codes.

g, at 20 MeV to 60% of the ¢

A
with the Vegas code13

The uncertainties in the calibrated cérrection factors for
- scéttering-dut aﬁd for reaction loss are difficult to estimate.
Since these factors affect the spectral shape, it was considered
essential to make an experimental check on the efficiency éurve.
Fortunately, this was possible for pion energies of 70-100 MeV

by performing a punch-~through ahalysis of the spectra using data
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at backward aﬁgles, where pion. spectra are free of background.
For the most energetic pions ﬁhat stop in the last thick element
of the telescope (43 mm Ge), identificatioh was made and the
total energy was determinedvby usiné the first two detectors
ohly (5 mm Si(Li) and 27 mm Ge). The loss in the number of
pions in the identification windows using-the stopping counter,
éqmpared to the number from'using only the first two counters,
fepresents the effect of scattering-out and reaction loss in the
43 mm Ge detector. For 90.MeV pions,-%.90%.of these losses of
the whole telescope occur in this last element, thus making this
method a sensiﬁive test for pion energies with the largest

corrections. This efficiency measurement is for a mixture of

n" and 7 as produced in the reaction with the ©~ having a

L2

lower efficiency than the ﬁ+, Approximately 15% of the m are
lost in the capture process with the secondary particles de-
positing enough energy to remove the event from the particle

identifiqation windows. Also the absorption cross section is
larger for m  compared to T, e.g. by 25% at 83 and 100 Mev. 12
Small corrections to the measured efficiency were made for these

+ - . . ‘ +, - .
m , m differences in two cases where the initial 7 /% ratio

was known. In the first case, pion emission at laboratory

angles of 130° and 150° was used for 1.05 GeV/nucleon 40Ar +

405 since the 7t/17 ratio at 100 MeV was known to be nearly

40

unity for the 800 MeV/u Ar + XKC1l reaction as determined by

14

Nagayima, et al. For the second case, the 1.05 Gev p +

238y reaction at 90-150° provided a pion source with a -

dominant contribution of. . A’value.ﬁor“the‘n+/n_ ratio

I
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of 3.5 was taken from the p + 2085, reaction in the measurements

of Cochran['et aZ.lS' These detector efficiency determinations
are in good agreement'with the calculated efficiencies as

shown by the data points in Fig. 2.: The estimated uncertainty

of the cross section at 90 MeV compared to 50 MeV and below,

is believed to be no more than 10%. That is, there may be a
systematic'error'in the shape of the nt speétra such that in
the data, features smaller than the 10% level.probably are not
significant. There is also a 20% uncertainty in the overall

ndrmalization of the data-.7

III. EXPERIMENTAL RESULTS

B A A sy A S R G e s A A A s e g e s

A. vSingle-Particle Inclusive Data

For pion produétion with medium—energy'protons on heavy_
target nuclides, it is generally concluded thaﬁ the Wf originate
predominately from proton-proton scatterin§ in.the nuclear sur-
face.l-6’17’18 A dependence on the target atomic number of ¥ l/3
(for 2 > 15) for the w' productlon cross SeCthnS, provides

<

empirical evidence for surface production in data for 585, 660,
15,19,20 |

.and 730 MeV protons. ' The calculations of Sternheim and

Silbar18 show this to be only approximately true. For 730 MeV

. 208

- protons on a heavy target such as Pb, % 75% of the emitted

n+ originate from the diffuse density region (p,< 0.9 p»). One
238,

may expect a similar situation with‘heavy ions on a U target

as studied.heré. But .in reactions involving relatively light
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target-projectile combinations such as 4?He-+= 2-7Al,' 20Ne + 27Al

and 40Ar + 40Ca-, the pion spectra should be more representative

- of the whole production volume, and should not be dominated by
pion absorption'and sCattering. Singlerion inclusive data for
these three light nuclear systems at a nqminal bonbarding energy
of 400 MeV/u are shown inuFig. 3. The .double differential

cross sections are plotted on'semiélogarithmic scales as a
function of pion kinetic energy. All of the spectra are con-
-tinuous, gently peakea distributions, and'the'laboratory angular
distributions are neariy isotropic. This may be contrasted to.
free p%p'pion production which showsrprominent structure in the
_energj spectraiahdAa forward-backward directed c.m. angular
distribﬁtion, chiefly due to the p + p » wf % d reaction at low
bombardlng energles.21 The smoothness of the spectra and the
1sotropyvof-the angular distributions'fer heavy ion reactions
may bevattributed to the intrinsic nucleon motion and, to a
lesser extent, pioh scattering and Coulomtreffects. The Fermi
motlon 1s quite lmportant for pion production close to threshold.
In a free nucleon nucleon colllslon at 400 MeV there is only

~ 50 MeV of extra energy above pion threshold in the center of
mass. Thus in heavy ion reactions, a Fermi energyrof’% 30 Mev
and a high momentum tail in both the target and the projectile,’
causes the pion production cross section to be greatly enhanced near
the free nucleon-nucleon threshold. Moreover, the energy spectra and
angular distributions are smeared through interactions, analogous

to the p + p =+ w+ + d reaction, but with coupling to the Fermi

motion instead of the deuteron final state. By the same
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arguments, one. expects harder, flatter pion spectra in heavy
ion reactions than in proton + nucleus reactions, which seems

to be the case in comparison of Fig. 3 to w+_data taken for

380 and 450 MeV protons on targets of 12 ang cu.22:23,24425

At-bombarding energies well above threshold, in the
1 GeV/u range, Fermi motion considerationsthould be less

important and are expected to even decrease pion production cross

sections.QG' One expects forward-baékward peaked angular dis-

tributions in the nucleon-nucleon center of mass, and broad

*
peaks in the pion energy spectra, corresponding to Ec m ~ 100~

200 MeV caused by isobar decay as observed in proton527’28

29

and.
neutron-induced reactions on light nuclides.  This character-
istic signature of isobar deéay seems to occur in heavy ion
reactions, but with additional features, especially at low
'pion-energies. Thevpreviously'reported results for the 1.05

GeV/u 40Ar + 40Ca reaction,6 from .the present study as well

as data for the 800 MeV/u ucleon 20Ne + NaF»rea.ction?’o'31 are
representative examplés. The pion spectra for the 1.05 GeV/u
40Ar,+ 4(_)Ca reaction are shown in Fig; 4 in linear plots along
with results from three calculétions. The thin-lined histogram
shows results of an intranuclear cascade code of Yariv énd'
Fraenkell (caliedeascade I here), which ﬁests some of the quali-
tative arguments made regarding pion production from a super-:
position of nucleon-nucleon collisions. vThevFermi motion of the
target and the projectile is included and the isobar model is

used for production and'absofption as treated by Harp.32 It can7

be seen in Fig. 4 that this calculation differs from the data in
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a more fundamental way than by a ﬁere absolute normalization factor.
While the caléulation’falis below the data.at elab = 30°vcorre5pond¢
ing to approximately 80-90° in the-center of mass, too much yield

is predicted at backward angles.  This is apparently caused by

the forward—backward directed c.m. angular distributidn of the
isobar decay which has not been fully démped out in Cascade I.

The difference is further magnified by the fact that Ehe_daﬁél'
‘'show an adtﬁal sidewise ejéctioﬁ of pions of low E_ _ . A more"
isotropic angular diétribution, and a better fit to the data is
given by the bolder hiSﬁrogram, which represents an improved
cascade calcul&tion performed recently by Yariv and-Fraenkelz'33
(Caécade II). The most important addition to Cascade I is the
inclusion of cascadé-cascade,interactions, i.e., the scattering
of particles which were promoted,out,of the Fermi séa'in previous
interactions.‘ Effectively, indreaéed thermalization is allowed

with a more complete loss of the directional memory of the en-

trance channel in the isobar decay, as well as increased scattering .

and annihilation of isobars and pions. Such effects are expected
to be important in heavy ion reactions, because ;f the high den-
gity of intéractions. The agﬁeement of Cascade II with experi-
ment is good'in this instance, Consideringrthe Coulomb éffects on
the pion emission probabilitiés and trajectories have not been
vincluded. Calculations of Libbrecht and Koonin34 indicate that
the'Coulomb field of the di-nuclear-system may focus the .
toward 90° in the center of.mass,‘as discussed later.

"Calculated results from a thermal model, the Firestreak

Model,5 are shown by the dashed line in Figure 4i;gd by the solid

o
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lines in Figure 3 and Figures 5=7. As a general obsérvatiOn,
the cross sections predicted by the firestreak calculations

are A 50% too high, and the spectra are too hard. That-is, the
high energy tails of the data fall off much faster than the
calCuiation. There are several shortcomings in this version of
the firestreak calculation, such as the lack of Coulomb effects,
and the neglect Qf.pion scéttering and absorption in the spec-
tator matter. - A more fundamental restriction in the "fire"
models is imposed by the assumption of comp;ete therﬁalization,
which is not supported by intranﬁclear cascade calculations.l

For light systems such as l-2C + 12C or 20Ne.+ 20N

e, even for
central impact parameters, there are‘leSS‘thaﬁ two coliisions per
participant nucléon on the average.’ For heavy systeﬁs, nucleon--
nucleon collisions in the nuclear.sufface should provide a com-
ponent of pfomptly émitted pions from isobar decay (1t n 0.7 X
10-235ec) which will not obey the pfédiétions of the ﬁhermal
models. Also this pion emission will have a cooling effect which
causes subsequent processes to have an effectively lower temper-
~ature. With these considerations, at best only approximaﬁe
agreémenﬁ with the inclusive data is expected in light or heavy
systems, which seems to be the casé. The'bombardiﬁg_energy,
Hdependence of the cross section magnitudes predicted by the
firestreak calculations are reasonably well reproduced, e.g., for
fogr enérgieé in the 2ONé + 238U reaction shown in Fig.'7, from
250 MeV/u (below the free p¥p_threshold) to 2.1 GeV/u, with an

. increase in the pion production cross section of two orders of

magnitude.
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.B. Associated Charged-Particle Multiplicities

| A more completevpresentation of the multiplicity measurements
made}ih this.study are given in Reference 7. Pion=assdciated
charged-particle multiplicities are compared briefly here with:
therdatalof Referencez7 which dealt with p,d,t triggering of

the same 80-paddle array. The major émphasis of the present work
" is in the use of the multiplicity data to set impact parameter
restricﬁions-oﬁ the pion spectra presented in the precedih§
section;_vao exampies'of charged—particle multiplicity distri-

butions are shown in Figure 8 for the reactions 2°Ne + 238y ana

40,, , 238

, each at a total kinetic energy of 42rGeV. These are
raw data; uncorrected for incomplete eolid angle cdverage and
ceincidence eummingw - Thus an observed average multiplicity <m>
of 25 fer each of these ﬁwo eases attains a Value of 52 for the
everage multiplicity <M> with the cprrections.' For reasons dis-
cussed in Reference 7, due to possible correlations of charéed
particles, only the'corrected everage values are extracted and
higher moments are not obﬁained. It should be emphasized tha£
these are associated multiplicity distributions, triggered by

a piop detected in the Si-Ge telescope at §0° in the lab and not
unbiased'multiplieities; In most instances, the average

‘ associated multiplicitiee, <M> are epproximately a factor of

two higher than the unbiased charged particle multiplicities as
determined from the inclusive data and the geometric reaction
cross section. Apparently the detection of a nt (or p,d,t) at
large anglee_discriminates against peripheral collisions. An-‘

other feature demonstrated by the two examples in Fig. 8 is the

e
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apparent scalihg of the average associated multiplicity with the
tdtéi kinetic energy of the projectile, as shownypreviously for
proton-associated multiplicities.7 Highef moments of the dis-
tribution do'différ here, unlike the prdton~asso¢iated'distributiOQS»
which weré,identical within the statistical uncertainties. The
values of the average associated multiplicities %M>/generally

.show only small variations with respect to detection angle and
.particle_type (n+,p,d,t). Figure 9 compares proton- and pion-

40

triggered‘valﬁes of <M> for 1.05 GeV/u Ar ions on targets of

40Ca and 238U. For lighter target-projectile combinations such

as 2oNe + 27Al.and,4OAr + 40C

a, thé values of <M>» are constant
with respect to the ﬂ+-triggering angle, which probably indicates
fhat moét pions briginate from a single type of reaction through-
out the reaction volume. Note that this result disagrees with the
predictions of reference 2, in which central collisions should be
enhanced for a back-angle emitted n". The prqton—associated |
multiplicities, on the other hand, are somewhat smaller and fall
off significantly at backward angles, which may be interpreted in
terms‘of contributions from spectator de-excitation, that is,
nucleons ejected from less violent processes in the spectator

238

matter.: For thé 40Ar + "U reaction, one can see in Fig. 9 that
the m and préton-associated multipiicities are nearly equal, and
<M> continuously increases with increasing,w+ detection angle.
These rathervdifferent properties cbmpared to ligHt-systéms can
be qualitatiVely understood with the arguments given in section

. + . .
III.A for nucleon-induced m production, in terms of attenuation

of incoming nucleons and outgoing pions. With a heavy target,:
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'célculationslj indicate % 50% of the pion production originates
on the nuéleér surface (p < 0.9 go) from an annulaf region with
the»beém direction being the symmetry axis,vi.e,,‘moderately
large impact parameters. Thus there is a bias towardvlower
charged~particle multiplicity events (as long as the n emission
is not a'dominant contribution to'<M>). In this way?the <M>
are loWered for nt to values Which are comparable to protpn—
triggered events. The higher multiplicity at backward‘angles
is caused again by su:face production of the ﬂ+,‘preferentially
on the upstream side of the nucleus, due to degradation of in—v
cident nucleon energies béiow the pion ﬁhreshold as the Oar
penetrates the 238'U nucleus in central_or near_central collisions.

It has been and will continue to be assumed thét ﬁhere is
a close correspondence between the impact parameter of a collision
and the charged-particlé multiplicity és méasured here. ‘AlthOugh

there is some experimental justification, ‘as reviewed by Stock,35

for a monotonically increasing multiplicity with decreasing impact

parameter, the actual basis for this relationship resides in
using the number. of participant nucléons in the fireball model,
~and in intranuclear cascade calculations. = At this time, the
‘assignment_of the impact parameter range to an ass&ciated multi-
plicity can be madé only loosely. Consequently the impact
parameter reStfictions made in the next section are of a quali-
tative nature. In the futuré it should be possible to simulate
experimental cpnditions.(énergy cut-offs, efficiencies, and
trigger bias) in an intranuclear cascade calculation. The
Cascade I calculaEiOnAof Yariv‘and'Fraenkell isvuséful'forjunderf

standing some features of the correspondence between <M> and the

U
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~ impact parameter,-although there are indications from the present

‘work and from streamer chamber data36

as 4OAr + 40Ca,- the predicted multiplicity is too low for small

that for reactions such

impact parameters. This calculation deesudemonstrate that the -
ideas of a participant volume are~approximately correct, with

the maximuﬁ'sensitivity for impact parameter selection occurring
for heavy systems with egual target and.projeetile masses as '
.shown much earlier by the fireball model. = An important point

made in these calculations.is the requirement ofvsufficient mass

in the composite system to avoid fluctuations in the multiplicity
for a given impact parameter, which'are latge enough to essentially

27 27A

invalidate the selection. , Thus for 4He + Al andvzoNe + 1

- we expect only a very crude impact parameter bias with multiplicity
gating, but for 40Ar + 40Ca and heaviervmasses there should be
sufficient sensitivity. Selection levels in Section III.C are
generally dictated by statistical considerations, end were

usually made for 20% of the cross section with the lowest and ,

highest multiplicities for the 90° spectra.

C. Rapidity Plots and. Multiplicity Selected Data-

In part A of this section, single particle inclusive cross
sectione were cqﬁpared to several c¢alculations. Viewing the
data in this manher, i.e., always with respect to a model, is
somewhat limited, especially if none of .the calculations contains
the neeessary physics to explain certain features. A more model-
independentvway'ef’greater.sensitivity for presenting the
'cross sections is in terms>of-so-called "rapidity plots" as

described in more detail elsewhere.7 Contours of constant
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(relativistioallyvinvariant):cross section, as a function‘of.

- perpendicular momentum (divided by the mass of. the particle)bon

the vertical axis and rapidity (y = 0.5 &n (kET=P")/(ET+P”)) on

the horizontal axis can be used to identify sources of emitted
particles, such as target, projectile;-nucleonwnucleon, or fireball
reference frames, A simple-translation aiong the rapidity axis

in Galilean fashion’allows one totshiftlbetween different coordinate
systemsr In the non—relativiStic limit the axes of these contour
diagrams reduce to velocity componerits parallel and-perpendicular
to the beam axis. Figure 10(a) is an example"of,a-rapidity plot

- rusing pion-inclusive Cross sections’for~400'MeV/u 4I-_Ie ions on a
target of 27Al the lightest system in this study The small

open circles mark the positions of the laboratory cross sections -
from Fig. 3(a), and show the angular intervals (20°) of data
points used invconstruction of all of the contour diagrams to’
follow, except for the 1.05 GeV/u ZONe + 238U reaction, where

data were taken every 10°. To minimize the influence of statistical
fluctuations, the spacing of the contour lines was required_to be
greater than one standard deviation in the data. 'Since‘the
topography of the plon emission is- generally qulte flat in the
region lnvestlgated here, linear spacing of the contour llnes was
chosen. A spllne interpolatioén method37 for smoothing the data
was used, with contour lines drawn both by hand and with an ANL
370 computer package, with good agreement throughout. No simple

emission pattern emerges for the 4He + 27A1 - gt +'x reaction in -

Fig. 10(a). 1If nr emlsSLOn were predomlnately from free p+p

cOllisions, then the cross sectlon contours should tend to- be



presented here and elsewhere for heavy ion
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centered around P = 0, v = (yp+yT)/2, or at least be symmetric |

about a vertical line at (y +yqp) /2, which is 90° in the nucleon-.

P _
nucleon cénter of mass. Instead, the cOntCurs.at the largest values
of momentﬁm are centered much closer to the target rapidity as pre-
dicted by the fireball model. Thé cross section maxima of low P
denoted by horizontal shading in Fig. 10, are the most prominent
features of the Spectré‘ The ridge at back-angles, 110° in the
laboratory or approximétely 135° in the N-N center of mass in the
preésent case is a common feature of neaily all the pion'speétra

31 and hadron-nucleus

15,18

reactions. The enhanced 7 emission at large angles is appar-

‘ently caused by a combination of: a) the forward-backwazd-emission

from isobars at rest in the NN center of mass, and b) the Coulomb
repulsion of the nt from the target-like fragment. Thus this ridge of

cross section moves to more negative rapidities, away from'yT as the

‘target is increased in 7, as shown in Fig. 1ll(a) for 400 MeV/u 20ye on
a variety of targets ranging from 12C (References 30,31) to 238U.
' 20

Also shown is the effect of multiplicity gating for 1.05 GeV ~"Ne +

238U, corresponding to the amount of the target fragment remaining.

Results for 585 MeV proton + nucleus Tr+-prdduction19 are shown in

4 27

' Fig. 11(b) for comparison. ' For the “He + Al reaction the cross

section maximum in Fig. 1l0(a) at laboratory angles of 30-50° (angles
smaller than 90° in the N-N center of mass) is not so easily explained

and is not a common feature in other systems. More information is

provided in Fig. 10(b) and (c) with the results of low and high multi-
4 27A

plicity selection, respectively for "He + 1. It can be seen

that the forward-angle maximum is enhanced.for-peripheral collisions
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(low M); A similar behavior can be seen in Fig.‘lz for _
4QOFMeV/u 20Ne + 27Al, bht it is apparent. that the relatively
small separation of the target and projectile rapidities lead
to a considerable supérposition of effects. Another feature
of the-multip1icity selection shown in parts (c) of Fig. 10
‘énd 12,'is‘the increased population of the mid-rapidity region, .
"y & 0.45 fér central collisions as expected in a thermal model.
' The differences in the data between loﬁ and high multiplicity
restrictions afe sméll, but from the discussion in part B of
this section, for such light systems, the use of muléipliciﬁy _

selection is ekpected to produce only very c¢rude impact parameter

restrictions due to statistical fluctuations. Figure 13(a) shows

ﬂ+-inclusive data for 400 MeV/uv40Ar + 40Ca, which have

., been'reflected through (yp'+-yT)/2, 90° cm, assuming the target
and'projectile are identicalt"Unfortunately,.statistical un-
certainties in this pafticular éet,of data are too large to allow
significant impact parameter restrictions to be made. An in-
40

crease of the laboratory bombarding energy to 1.05 GeV/u for Ar

4OCa'results in a significant change in the pion inclusive
spectra as sthn in Fig. 13(b). The ﬂ+ emission pattern is
_domiﬁated by a cross section maximum at mid-rapidiﬁy (90° cm)
and P| N 0.4 m_ (E_+ Vv15-20 MeV), instead of the 0°, 180°
emission expected in isobar decay seen in‘p‘+ P o+ X

15,19, 21

reactions. It may be compared with the 730 MeV p+p data

15 +
of Cochran, et al. for m production in Fig. 13(c). 1In Fig. 14
pion angular distributions are presented for the 1.05 GeV/u

40Ar + 40Ca reaction in the center-of-mass coordinatemsystem,'A

+
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every 50 MeV/c of c.m. pion momentum from 50 to 300 MeV/c.--Data

40, +'KC1_'reactionl4 are

for = prddﬁction in the 800 MeV/u
used to supplement the w+ data taken in the present study at
high momentum around 90° cm and were renormalized to the data
taken in the preeent study by multiplYing by a factor of 1.8.
For the p+pvreaction, the angular distribution is forward-
backward peaked for all Pt and the maximum yield oceurs around
200 MeV/c as predicﬁed by the isobar model. The . angular
distribution for the 1.05 GeV)u'4oAr + 40Ca-reaction is also
forward-backward peaked near resonance energies, like the
ﬁheoreticelly predicted w(o) & 3 c032® + 1 behavior in p+p
~reactions shown by the dashed line in Fig. 14. For the 40Ar +.
40Ca reaction shewn in Fig. 14, the angular distributions
for lower momenta . have makima at intermediate angles; and
finally for-p“+.%'50 MeV/c, the yield is large and.peakseaf
90° cm. |

Rapidity plots of two of the caiculations diecussed earlier
provide some insight for the 40Ar + 40Ca reaction. Results of
- Cascade I and the firestreak model® are shown in Fig. 15(a)
and (b); respectively. The emiSsion»pattern generated by the
intranuclear cascade code looks much like the p+p data, since it
uses the isobar model ervproductiQn and absorption. The fire-
streak‘calculation produces a miderapidity bump in the nt yield

of the same spirit as the data. By considering Coulomb effects

on pion trajectories in the fireball model, Libbrecht and Koonin3
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have obtained even better agreement with the genefal features
of thé data for 1.05 GeV/u 40Ar +}40Ca, but detailed features
were not reproduced. Multiplicity-selected data for this
‘reaction are shown in Fig. l6(a) and (b) for peripherél and
central collisions, respectively. Here the data afe not
reflected about 90° cm. The backwérd-going ridge which is char=
acteristic of isobar decay is present for low multiplicities, but
'isbonly comparable iﬂ strength to the mid-rapidity bump. For
central collisions, the structure at 90° cm is clearly dominant,
but as shown elsewhereG-the shapes of the spectra at mid-rapidity
are insensitive to impact parametef. |
The ﬁ+ emission patterns for relatively‘low energy light

g

projectiles, p and 4He,on heavy targets is dominated by a back-angle

ridge as discussed earlier for the 4He + 27Al reaction. This can

238U, as well as

238U

be seen in Fig. 17 for 250 MeV/u 2ONe +
for 1.05 GeV/u proton- and 4He—induced reactions on
shown in Fig. 18(a) and (b), respectively. Data for 400 MeV/u

IZONe + 238U are very similar. The Coulomb=-isobar ridge also

occurs for 1.05 GeV/u 204 4+ 238y (Fig. 19(a)) but an additional
isiand.ofvyield occurs at mid-rapidity, apparently from the

N-N frame. Figure 19(c) shows that this forward-angle maximum is

a property of central collisions. The»w+-inclusive data of
31

Nakai, et ¢ql.”~ show a similar but weaker structure for 800
MeV/u 2006 + 2085, 2 significant change occurs for the 206 4
238

U reaction at-a bombarding energy of 2.1 Gev/u (Fig. 20),
with the back-angle ridge being absent and a large enhance-

ment near mid-rapidity. - Unfortunately the télescope.used
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here is inadequate for measuring much of the pion spectra produced

at this. high bombarding enefgy; The multiplicity gating shows

large differences (factors of 5) bétween low-and high selections in
some areas. The more central impact parameters show a large en-
hanqement at the h;ghest pl—values at 90° in the N-N center of mass,
 but more complete information is_needea to draw any definite con-
clusions. The change in the emission pattern of the rT-inclusive
data compared.to lower bombarding energies can be qualitatively un-
derstood in térms of the.isobar model, with multiple pion production
in a single.N-N collision. From 1.0 and 2.3 GeV proton—inducede+

9Be target527 it is known that the char-

production on hydrogen and
acteristic n+ energy from isobar decay of %15b MeV (p ~ 200 MeV/c) .
in the N-N center of mass is maintained in multiple pion production.
Thus in the 20Ne + 238U reaction at 2.1 GeV/u, the N-N frame is
moving at a high laboratory Veiocity[ such that the 7@ emitted toward
back-angles in the c.m. are still moving forward in the laboratory
with low‘velocity. This, along with ﬁhe Coulomb repulsion from
the uranium-like-spectator fragment (nearly at rest in the lab
system) reéultsvin a fotward—going ridge. The 1.05 GeV/u 40.Ar +
238U -+ 7 + X reaction has properties of the 20Ne + 238U reaction
~at energies of'l.05 and 2.1 Gév/u as éan be seen.in Fig. 21. - A
back-angle ridge and én enhancement at mid-rapidity occur in the
more cehtral impact parameter festkicted data, but the structure

at mid-rapidity is not as prominent as in the 20Ne + 238U.reaction.
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IV.  DISCUSSION

B I 2L R N T

In the precedihg'section the experimental results were
presented and some qualitative explanatlons were glven for
effects seen in the data. . In this section resultsvare discussed
in terms of scallng-of the pion yields with respect to target
and projectile messes. - The effect of the Coulomb force on pion
emission patterns is ihvestigated.with‘a simple trajectory.cal-

. culation.

A. Scaling with Target and Projectile Masses

R I T I T s e e e I IR R e T s T T T T I IR IV VAP VP VAP VP S

_ Comparisohs of nf yields from‘proton + nucleus réa_ctionslG-18

led to.the conclusion that pion absorption was the dominant
factor dontrolling the-observed-Z,JI',/3 %/3

comparison is shown in Fig. 22 for n+-emission at 50° in the lab-

or A dependence. A

oratory, approximately 90° in the N-N center of mass over the

2'ONe on several targets.

energy range measured here, for 400 MeV/u
The scaling parameters that might apply to the present data are
not necessarily-expected a priori to be the usual surface area-
dependent quantitiesf Since the bombarding energy is well below
resonance in the N-N frame, the_low enefgy pions produced are

1/3 . ,l/3

not egpected to be strongly absorbed. In fact, a Z
dependence gives arpoqr representetion of the 50° data. Similarly,
the 90° lab data, which may be more applicable to the target mass
dependence,’have a virtually identical behavior, falling between

1/3 2/3

A and A ’ the latter dependence expected in a . N-N first-

collision model with no absorption. One may conclude that, while
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pion absorption is not dominant, it muét be taken into con-

sideration, as is done for the results shown:in Fig. 22:'in the

38

linear cascade (row on row) model, and in the firestreak cal-

culafion through the asSumption‘éf chemicéi eqﬁilibriﬁm’in the
participant region. While the;térget dependénce of thé_cross
séctions is approximately correct, the absolute values of the

pion cross sections predicted by the firestreak modelskare apprbxi,

mately a factor of two above the measured values. At a higher

bombarding energy, above resonance, for 1.05 GeV/u 40

of 40Ca and 238U, the steepness of the AT—dependence increases

in the target-rapidity region, nearly aS'Aé/3,-even further from

Ar on targets

the expected‘zé/3—behavior; At face value this result may be
intefpreted in terms of an increasingvimportancé of ﬂ+-production
~ through an individual N-N collision mechanism as shown by the
upper curve in Fig. 22. The validity of considering heavy ion
collisions aé a superposition of independent N-N collisions may
be tested in SQme detail here by comparing the results of

1.05 GeV/u p, 4He} 20Ne, and 40Ar»production.ofjﬂ+ on a 238U
target. To a good approximation, the'n+ cross sections aré ex-
pected,to scale with the number of incident protons in the re-
épectiVe projectiles,'with,the relatively large target nucleﬁs
dominatihg the emission patterns in the target-rapidity region.
Some sucéess has been claime_d12 for aisimilar treatment by using
n+.and'n- productioﬁ cross sections for Proton + hucleus reéctions

to CalculatelzoNe;induced results. In Fig. 23, cross section

ratios integrated over the energy range measured are presented
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'as a function of laboratory angle. Because there are a mihimum

‘of transformations and most systematic effects cancél, these

ratios are very accurate. In Fig. 23(a) one can see that, even -
in a'comparison of 4He- and pwinducedw+ production, there is a
significant deviation from the results expected in an independent

N-N collision assumption, represented byvthe dashed line. The

isotropy of the calculated cross section represented.byvthe‘

dashed line, reflects the expected importaﬁce of the heavy 238U

target for absorption and scattering. The absolute value was

15

calculated from measured p+ nucleus at and n production and

may be understood with the isobar model. The p+p reaction is

the most important contributor for w+, with the p+n énd secondary
charge exchan@e reactions (since N # 2) leading“to a 50% increase
over scaling by the number of projectile protons. In parts (b)

20 40Ar-.induced n+

and (c) of Fig. 23, a comparison of Ne- and
production with the'4He pioﬁ production shows an additional

éffect over the'4He/p effect, leading to a lower pion yield than
might be expected from independent N-N collisions. 1In Fig. 23(c),
the solid line fepreéents the prediction of the cascade II cal-
culation of Yariv and Fraenkel,2 believed to be one of: the bést
calculations for pion prodﬁction. Although the model works well at
extreme forward and backward angles, there is a significant dis-
crepancy at mid-angles, (representing most of the production cross
sectién) with the déta being lower by approximately 25%. While seem-
ingly a small difference, actually it points to a serious shortcoming
40A

since it is in scaling up from 4He to r. This is considered to be

more significant than the differences between the measured cross sections
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and the results of the calculations found for the’4He,+ 238U

and 405y 4+ 238y reactions shown in Fig. 6(b) and (c), respectively,

Wthh could be attributed to inaccuracies in the N—N Cross - sectlons,
for: lnstance. From the effect seen for the 40 + 40Ca >t X
reaction in the comparison of the Cascade I and Cascade II cal-
culations,'it is tempting to attribute the present discrepancy:

to inadequate accounting of the cascade—cascaae interactions in
Cascade IT. Decreased pion ylelds could be obtained through a

N + A - N + N process, which should be important in the 40 Ar +

238U reaction. ‘Detalled—balance considerations would seem to
preclude this explanation, except for the restriction in Cascade II
that two cascade particles cannot interact more than once. A

39 deals with

more fexotic"expianation, as-.given by Cugnon et al.
the chemical potentialrfelt by the pionsaupon_ieaving the inter-
.‘action region. Since there is an attractive potential between

the pion and the nﬁcleus, the pion_yield would be reduced. Such
an.effect would seem to be more prominent in a well-defined large

"fireball" for 4OAr +_238U compared to the 4He + 238U system.

.B. Coulomb Trajectory Calculations

A A s A e A A A S e e G AT e A A R e e R A A A e N A

Coulomb effects'have'long been observed in pion spectra

for proton + nucleus'reactionsl7’18 as demonstrated here in
. Fig. ll(b). In heavy ioneinduced pion production; the first
unambiguous demonstration of Coulomb_final state interaetions
was the observation of Benenson et aZ.40 of a sharp peak in

+, - . - : s
m /m ratios near zero degrees at projectile velocities.
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34

Libbrecht and Koonin, ‘and later Cugnon, et al.él-and Gyulassy,

42 have shown, with proper choices of-parameters,'that a

et al.
considerable Coulomb focusing effect can be generated in calw
culations. This could explain the broad structures near 9Q°vcm

seen for 7' for 1.05 GeV/u_4OAr + QOCavin_the present work and

20 3L The Coulomb field produced

in the 800 MeV/u “"Ne + NaF system.
by moving projéctile'and target remnants tends to focus ﬂ+ toward
Ocm=90°, and thé'Coulomb repulsion from a fireball at rest in

the center of mass can lead to the formation of a peak in the

nt yield'at pL'# 0. While seemingly able to account for broad
structures in ﬁhe above two systems, several gquestions have
remained unanswered, which cast doubt on an interpretation based
upon Couloﬁb effects. Of}particular note is the disappearance

of the‘90°-enhanced cross sections, like that shown in Fig. 13(b)
and Fig. l4ﬁ(p-= 50 MeV/u) when the bombarding energy is lowered
to'400vMeV/u, as shown on Fig. 13(a). The occurrence of the mid-

rapidity structure at somewhat higher values:of P for 20Ne +

NaF3l as cqmpared'tb the higher 2 4OAr + 40Ca,remains unexplained..
Also with thevébservation of similar structures for m from.
central collisions ofvzoNe + 238U at 1.05 GeV/u and possibly
at 2.1 GeV/u (but not in proton - or 4He-inducéd reactions) it
seems necessary to perform Coulomb tfajectory calculations that
address ali of the data.

Following the method of Libbrecht and Koonin,34 calculations

were performed using numerical solution of the classical equations

of motion in the time dependent field of moving charges. The
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3'was used for three

procedure outlined by Fraenkel, et aZ,4
or four point charges, and generalized to be fullyrelativistic.
Later, the affect of the finite nucleus size and time of pioﬁ’
emiseioh (early or late in.the collision) were investigated.

‘ Theiresults of previous calculations, with appreciable:
'focusing toward 90° cm, ceuld be qualitatively :eproduced by
allowing ﬂ+-emission to occur at the time of maximum overlap in
the 40Ar'_+ 40Ca system at 1.05 GeV/u. Impact parameter weighting -
was made according to the participant-spectator model. A’poseible
- explanation for the difference in nt-emission patterns observed
-at 400 MeV/u and 1.05 GeV/u is demonstrated in Fig. 24. As an
alternative to using a fireball model to generate the undistorted
pion source function as’has been done previously,34 complete

transparency was assumed with no charge at rest in the center:
of mass. To obtain a peak attpl # 0 at 90° cm, it is necessary
for the undistorted pion spectrum to have a peak at non-zero
momentum.34 In Fig. 24 (a) it was assumed thatlthe undistorted
emission pattern was that of isobar decay, with an angular dis-
tribution given by w.(0) w3cosze+l, and with a pion momentum range
of 170-220 MeV/c for non-zero erOSS section. This is a pattern |
similar to that observed in>the-p+p >t & x reaction, as shown
in Fig. 13(c). The calculated emission pattern shown in Fig.

24 (a) has severel features in common with the experimental data:
shown in Fig. l3(b); inclﬁding.a broad bump of yield at p;

0.5 m_c and a winged-structure extending away from 90° cm.

' Figure 24(b) presents the calculated rapidity blot for 400 MeV/u
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40Ar +_40Ca, with the same conditions, except the undistdrted.
emission-pattern has been changed to a uniform distribution
over the range 0 < p < 200 Mev/d, The rationale for this change
being, for bombarding energies far .below the 3-3 resonance
energy, the isobar emission pattern is smeared by the Fermi
motion as discussed earlier. A dramaticAdifference is thus
accounted for at two bombarding energies, and can be attributed .
to: | | |
(a) the difference in the ion-ion velocities, being

slower than the bulk of the pions for 400 MeV/u and

faster'than the isobar-as_sociated'w+ at‘l.CS GeV/u;

and

(b) a change in the undistorted source functions, in=-

volving the classic iéobar_production'and decayv

features.
This rather convenient explanaﬁion is questionable, however, due
to delocalization effects, i.e. the pion wave function extends
over a large spatial region for low pion energies, and will
dilute considerably the focusing prediéted by the classical
model -used. here. Additiogal expérimental data for n+-production
using heavy targets also caéts doubt on the Coﬁlomb-effect inter-

238U, it can be

pretation. In Fig. 19 for 1.05 GeV/u 20Ne +
seen that a mid-rapidity structure occurs, especially in central
'cpllisions. It should be noted that the cross secticn maximum
occurs-at the N-N center éf mass instead of the fireball frame

for this asymmetric system. Results of the previously described

~ Coulomb t#ajectory calculation yields results shown in- Fig. 25,
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19(a). As might be expected, the high Z of the

ridge (near'Y
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which are quite different from thé experimental-daté of Fig.
238y targét
nucleus can produce.a large distdrtion of the isobar pattern
when pions. are emitted in the.early‘stages of the reaction. Be-
sides fhe-absence of a'mid—rapidity maximum in. the calculated

emission pattern, also there is a large displacement.of the

Coulomb-isobar ridge at back-angles to (y,pL) values which are

- far greater than the experimental values. Much better agreement

is obtained with the data at angles larger than 90° by assumirg

~that pions are emitted relatively late in the course of the

reaction. This assumption neglects the "direct" pionng'and
allows emission at a late stage of the,reactioh at final con-
tact of the target and projectile nuclides, and only from the
nuclear surface. The results of this calculation, again assuming
complete transparency and an isobar-emission source function, |
are shown in Fig. 26. The positioﬁ of the Coulomb-isobar

T) is in good agreement with the experimental
value. The Coulomb effects are much diminished, and also allow

a focusing of the nt toward the N-N center of mass in this

particular instance. As might be expected, however, no peak

which follows the N-N center of mass can be produced with a

‘nucleus-hucleus Coulomb effect in other systems where this

strﬁcture is observed, i.e. 0.8 GeV/u 20Ne + %Ost,3l 2.1 GeV/u

20Ne‘+ 238U as well as the iighter systems. For the-40Ar + 4OCa

reaction, the calculated rapidity plot with the late emission

assumption is shown in Fig. 27. The previously-obtained good -

agreement with the data has been destroyed. The use of other
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source functions, i.e. a uniform distribution or . a fireball
model also failé to provide a cbnsistent'explanation of the
mid~-rapidity maxima for all of the data. The assumption of

“late emissidn of thé piohs,}or alternatively, of a large-emissién
rradius; seemé to-be the most reasonable one in accounting for the , s
well-established Coulomb-effect at-back-angles. This suggests
- that the effect of the Couldmbifiéld is minimal for the pion

emission patterns near ecm=90° in light systems such as-zoNe +

NaF" or 40Ar +,40Ca. Such an interpretation is consistent with

recent ﬂ+/n— ratio measurements,44 which produce values close

to unity for the'40Ar + %0ca reaction at 1.05 GeV/u in the

‘regiOn of mierapidity. In the calculation performed‘in.Fig. 24

wiﬁh early émission-of pions, the w+/n-'ratio ﬁndergOes variations

of épproximately a factor of 5-10. While there may be d;fferent
sources of pions such as Cugnon's39 "direct" and "indi:ect",com- 
poﬂents, all of the calculations and compérisdns pefformedihere
suggest strongly that Coulomb effects are of minimal'importance

for light systems. A modification of cascade calculations to include
- Coulomb effects would provide further insight. Specific explanations
-of a more positive sense. for the mid-rapidity bumps; or enhanced yields
at 90° cm observed at bombarding energies around 1 Gev/u, maygpoint

45,46,47

to more exotic phenomena which could allow late emission of s

low energy pions.
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The systematics of ﬂ+-emission in heavy idn collisions
have been investigated.' Comparisons of the expérimental'reéults
to several models have been made on two levels, the gross and
the detailed properties. The simple models such as firestreak
vand rows on rows predict correctly the general trends in pion
cross sections with respect to bombarding energies and targetf
projectile mass, but fail upon more quantitative considerations.
The intranuclear cascade model gives better ovérall agreement,
with some discrepancies appearing invcareful comparisons of
4He with heavier'projectile—induced reactions.

A comparison to protonQnucleus'production of piohs has
been made, wiﬁh sevgral features found to be in common with
heavy ion-induced reactions. The apparent surface-production
of w+ for heavy targets is similar, aé well as thé Coulomb-isobar
ridge that occurs.at backwgrd'angles for heavy targets. Enhanced
yields of low energy pions near 90° in the nucleon-nucleon center
of mass seems Eo_be a feature unique to heavy ion-induced reactions
around 1 GeV/u, a feature which is not readily explainable with

models available at:this time.
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TABLE I. Projectiles, nominal and corrected bombarding energies, proiectile rapidities
(y), and targets, for the systems studied. Target thickness in mg/cm® are given in
parenthesis. ’ : :

Projectile Nominal Energy Corrected Energy vy ‘AL Ca Ag - Au U

(MeV/u) (MeV/u) (109)  (200) - (185) . (197) (200)
P 1050 1041 1.37 X
“se 400 399 0.8 X X
1050 - 1049 1.38 o | X
20e 250 261 0.70 | X
400 393 0.89 X X x X
1050 1045 1.38 | | | X
2100 2095 1.8 | | X
40

Ar . 400 388 . 0.88 X

1050 ' 1042 1.37 X : X

.
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FIGURE CAPTIONS
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Figure l(a). Time spectrum taken from the 1050 MevV/u "

4oAr + 40Ca»reaction showing the characteristic 2.2 us mean

lifétime‘of muon decay. ‘The location of the prompt peak,

‘suppressed with a 100 ns anticoincidence pulse, is at t=0.

Figure 1(b). Data points represent the energy spectrum of

delayed coincidence pulses attributed to e’ from muon decay,

and the curve is the theoretical shape P(W).

Figure 2. Calculated telescope efficiency for n+ detection as
a function of pion energy for scattering-out (A) and reaction

loss (B). The product of A va was checked with 90 MeV pions

, producéd in the 1.05 GevV/u 40Ar + 40Cavreaction {0) and the'_

238

1.05 GeV/u p + U (A) reaction.

. S+, o .
Figure 3. Laboratory 7 inclusive cross section-data for a

- nominal energy of 400 MeV/u for the projeétile—target com-

‘binations a) “He + 27al, x10, b) 2%Ne + ?7al and ¢) *%ar + *Oca.

The solid curves show the results of the nuclear firestreak models.

Figure 4. Pion-inclusive double differential cross sections in

the laboratory system for the reaction 40Ar + 40Ca > 1t o+ X at

1.05 GeV/u. The histograms (solid lines) show the results of

two intranuclear cascade calculationél’2 and the dashed lines

represent a nuclear firestreak calculation.

Figure 5. Same as Fig. 3 except the target-projectile com-

107,109A 4. 238y

binations are 400 MeV/u a) 20Ne + g, and b) "He +
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Figure 6. Same as Fig. 3 except the bombarding energy is

238 4 238 238y,

1.05 GeV/u for a) p + U, b) "He + U and c),40Ar +

Figure 7. Same as Fig. 3 except the target—prbjectile com=

bination is 20Ne-+ 238U at bombarding»ehergies of a) 250 MeV/u

"b) 400 MeV/u c¢) 1.05 GeV/u and d) :12.1 GeV/u.

Figure 8. Coincidence probability distributions for 1.05 GeV/u

 40Ar and 2.1 GevV/u 2'ONe on a 238U,target. The abscissa is Ehe number

of scintillation paddles fired in the 80-paddle array, when trig-

gered by a 15-95 MeV at defectéd“ét‘90° in the laboratory.

Figure.9. Average associatedrmultiplicities-(corredted) as a

function of lab angle for proton and nt triggers,for 1.05 GeV/u

40 40 238U.

Ar on targets of Ca and

Figure 10. Contours of constant Lorentz-invariant pion cross
section, (l/p)dzc/dQ dE, in units of b/(sr GeVz/c) x £, as.a

function of perpendicular pion momen tum and rapidity, y, for the

27

400 MeV/u 4He + Al reaction. The areas within the max-

imum contours have horizontal shading. The shaded edges indicate
the limits of the experimental measurements and Yp and Yo denote
the projectile and target rapidities. a) The .pion inclusive cross

sections. The laboratory data points shown as open circles,
with the corresponding laboratory angles noted, f = 10_4.

b) Same as part a) except gated on low charged-particle multi-

5 5

plicity, £ = 10" > ¢) gated on high multiplicity, £ = 10 .

Figure ll. The laboratory pion energy corresponding to cross

section maxima for a) 130° and 150° data from 400“Mev/u 20ye

as a function of target mass, A (solid points). Results for -

TI

TR
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the 1.05 Ne + 238U reaction fall on the same line, with low

multiplicity (o) and high multiplicity (x). selections, respec-
tively, b) 135° data from 585 MeV p and 1.05 GeV p from the

present study from Ref. 19.

Figure 12. Same as Fig. 10 except the target-projectile com-

2771, £ = 1074,

bination is 400 MeV/u 2ONe +
Figure 13. (a) Same as the rapidity plot in Figure 10(a) except

the taréet-projectile combination is 400 MeV/u 40Ar + 40Ca,

-3

f =10 . The data have been reflected through mid-rapidity

(yP + yT)/z, shown by the dashed vertical line. Parts (b) and

(c) are the same as the rapidity plot of Fig. 10 except the
target-projectile combinationvis 1.05 GeV/u 40Avrv+ 40Ca and

730 MeV p+p, f = 10_3, respectively.

Figure 14. Center-of-mass angular distributions every 50 MeV/c

of pionfmomentum for the 1.05 GeV/u 40Ar + 40Ca >t ox

reaction. - The dashed line shows the shape predicted by the

isobar model in p+p reactions near resonance. Invariant cross
section l/p(dzo/deE) is in units of (mb c3/MeV25£) x 1071,
Figure iS. Rapidity piots of calculations done with a) the intra=-
nuclear cascade model® and b) ﬁhe firestreak model®, £ = 107°.
Figure 16. Rapidity piots of n+'data for the 1.05 GeV/u

40Ar + 40Ca reaction multiplicity gated with a) 0-5 charged

particles and b) 20-80 charged particles, f = 1073,
Figure 17. Rapidity plot of mt-inclusive daté from the 250 MeV/u

20Ne + 238, reaction, f = 1074,
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Figure 18. Rapidity plots of mt-inclusive data from a) 1.05
238U reaétion; £ ——f.le’=4

reaction, f = 1073,

GeV p + » and b) 1.05 GeV/u.4He + 238U

Figuré 19. Rapidity plots of 7' data for the 1.05 GeV/u

20'Ne + 238U reaction for a) single-particle inclusive, b) low

multiplicity gating and c) high multiplicity gating, £ = 107°.
Figure 20. Rapidity plots of 1t data for the 2.1 GeV/u -

20 238

Ne + U reaction for a) single-particle inclusive, b) low .

multiplicity, and ¢) high multiplicity, £ = 1072,
Figure 21. Rapidity plots of 77 data for the 1.05 GeV/u

40, . 238

Ar + U reaction for a) single-particle inclusive, b) low

multiplicity, ‘and ¢) high multiplicity, £ = 1.

Figure 22. ' Energy ihtegrated cross sections, from 15-95 MeV

for ' emitted at Orap = 50° produced with 400 MeV/u 20xe

projectiles on targets of mass A Data for 27Al, natAg,

197 238

T

Au and U are from the present-work. Points for NaF and

patCu are from Ref. 31. Calculations have beeh renormalized to

27p1.

Figure 23. -Ratios of energy integrated cross sections (15-95

MeV) as a function:of laboratory angle for ﬂ+ produced by p,

4He, 20Ne‘and 4oAr at 1.05 GeV/u on a 238U target. Dashed

lines represent predictions of scaling from an isobar model.

40

The solid curve in the bottom figure for. Ar/4He presents

v

the results of an intranuclear cascade calculation, (Cascade

11) ;%

V€
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Figure 24. ‘Rapidity plots for nt éenerated»by Coulomb |

4°ca which assume complete

‘trajectoryrcalgulations for 4.OAr +
trans?érency;of,the target and projectile and ﬂf emission at

thé time of maximum overiap of the nuclides. vUndisﬁOrted_

source functions are (a) isobar emission pattern, w(0) §3cosz®+l,
170 <€ Pn < 220 MeV/c and a bombarding energy of 1.05 GeV/u; |

(b) a uniform distribution, w(6) = 1, 0.< P_ < 200 MeV/c and

a bombarding energy of 400 MeV/u. | o |

Figure 25. Same as Fig. 24(a) except the target-projectile

combination is 1.05 GeV/u %QNe + 238y,

Figure 26. Same as Fig. 25 except T are emitted later from

the nuclear surface at the last stages of the reaction.

Figure 27. Same as Fig. 26 except that target-projectile
combination is 1.05 GeV/u'%OAr + 40Ca,
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